Big brain (bib) is a neurogenic gene that when mutated causes defects in cell fate determination during Drosophila neurogenesis through an unknown mechanism. The protein Big Brain (BIB) has sequence identity with the major intrinsic protein family that includes the water-and ion-conducting aquaporin channels. We show here that BIB expressed heterologously in Xenopus oocytes provides a voltage-insensitive, nonselective cation channel function with permeability to K ϩ Ͼ Na ϩ Ͼ Ͼ tetraethylammonium. The conductance, activated in response to endogenous signaling pathways in BIB-expressing oocytes, is decreased after treatment with 20 M insulin and is enhanced with 10 M lavendustin A, a tyrosine kinase inhibitor. Western blot analysis confirms that BIB is tyrosine-phosphorylated.
Big brain (bib) is a neurogenic gene that when mutated causes defects in cell fate determination during Drosophila neurogenesis through an unknown mechanism. The protein Big Brain (BIB) has sequence identity with the major intrinsic protein family that includes the water-and ion-conducting aquaporin channels. We show here that BIB expressed heterologously in Xenopus oocytes provides a voltage-insensitive, nonselective cation channel function with permeability to K ϩ Ͼ Na ϩ Ͼ Ͼ tetraethylammonium. The conductance, activated in response to endogenous signaling pathways in BIB-expressing oocytes, is decreased after treatment with 20 M insulin and is enhanced with 10 M lavendustin A, a tyrosine kinase inhibitor. Western blot analysis confirms that BIB is tyrosine-phosphorylated.
Both tyrosine phosphorylation and the potentiating effect of lavendustin A are removed by partial deletion of the C terminus (amino acids 317-700). Current activation is not observed in control oocytes or in oocytes expressing a nonfunctional mutant (BIB E71N) that appears to be expressed on the plasma membrane by confocal microscopy and Western blotting. These results indicate that BIB can participate in tyrosine kinase-regulated transmembrane signaling and may suggest a role for membrane depolarization in the neurogenic function of BIB in early development.
Key words: major intrinsic protein; Xenopus oocyte; tyrosine kinase; voltage clamp; neurogenic; aquaporin
Neurogenic genes separate neural precursors (neuroblasts) and epidermal precursors (epidermoblasts) from the Drosophila neuroectoderm through a process termed lateral inhibition (Greenspan, 1992) . Loss-of-function mutations in these genes cause central and peripheral nervous system overgrowth (Lehmann et al., 1983; Brand and Campos-Ortega, 1988; Han et al., 1998a; Artavanis-Tsakonas et al., 1999) . The neurogenic phenotype induced by loss-of-function mutations of the gene big brain (bib) is less severe than that for other neurogenic genes (Lehmann et al., 1983; Goriely et al., 1991; Rao et al., 1992) . The molecular contributions of the neurogenic genes Notch (a transmembrane receptor) and Delta (a transmembrane ligand for Notch) have been identified (Fehon et al., 1990; Artavanis-Tsakonas et al., 1995) . Suppressor of Hairless, and the Enhancer of Split gene complex contribute to a signaling pathway, regulating the signal from Notch to the nucleus (Delidakis and Artavanis-Tsakonas, 1992; Fortini and Artavanis-Tsakonas, 1994; Bailey and Posakony, 1995; Kimble and Simpson, 1997; Lai et al., 2000) . Although the Big Brain protein (BIB) is located on the plasma membrane and can interact functionally with Notch and Delta, its mechanism of action within the established signaling pathway for Notch is unclear (de la Concha et al., 1988; Doherty et al., 1997) . Rao et al. (1990) suggested that BIB directly mediates intercellular communication in the neuroectoderm.
The proposed membrane topology of BIB predicts six transmembrane domains with intracellular N and C termini (Rao et al., 1990) . This structure is similar to members of the major intrinsic protein (MIP) family that includes aquaporins, mammalian channels for water as well as other solutes including ions (Ehring et al., 1990; Reizer et al., 1993; Yool et al., 1996; Tsukaguchi et al., 1998; Yasui et al., 1999) . BIB has high amino acid sequence identity with aquaporins (AQPs): 38% overall identity with AQP0 (Rao et al., 1990) , and 32% overall identity with AQP4 (Adams et al., 1992) . BIB has a large C-terminal tail domain (427 amino acids) that contains many putative consensus sites for kinase-mediated modulation (Burris et al., 1998; this study) .
Despite the established involvement of BI B in developmental pathways and its sequence identity to aquaporins, its f unction has previously remained unknown. We show here that BI B expressed in Xenopus oocytes confers new f unction of a regulated ion channel. Water and ionic permeability were investigated with osmotically induced swelling assays and twoelectrode voltage-clamp recordings. Our results demonstrate that BI B is not appreciably permeant to osmotic water flux. Several lines of evidence support the idea that BI B does f unction as a kinase-regulated nonselective cation channel. Given the importance of tyrosine kinases in growth factormediated control of nervous system development (Pimentel et al., 1996; Skeath, 1998; Udolph et al., 1998; Chen et al., 1999) , we suggest that the observed properties of BI B are consistent with a role in transmembrane voltage signaling as an essential early step in neurogenesis.
MATERIALS AND METHODS
Ooc yte preparation and injection. Stage V-V I oocytes from adult female Xenopus laevis were obtained and defolliculated as described by Anthony et al. (2000) . Prepared oocytes were injected with 50 nl of sterile water (control oocytes) or 50 nl of sterile water containing bib cRNA (0.4 ng /nl unless otherwise indicated) and were incubated for 2-5 d at 18°C in N D96 culture medium (96 mM NaC l, 2 mM KC l, 1.8 mM CaCl 2 , 1 mM MgC l 2 , 5 mM H EPES, 2.5 mM pyruvic acid, 100 U/ml penicillin, and 100 g /ml streptomycin, pH 7.6) to allow protein expression before recording.
Electrophysiolog y. T wo-electrode voltage clamp was used to investigate the macroscopic ion channel properties of oocytes expressing BI B. Recordings were performed at room temperature with electrodes (0.5-3 M⍀) filled with 3 M KC l. Data were recorded with a GeneC lamp 500 (Axon Instruments, Foster C ity, CA), filtered at 2 kHz, digitized at 50 -2000 sec, and analyzed with pC lamp software (Axon Instruments). Recording salines for two-electrode voltage clamp contained (in mM): 100 NaC l, 2 KC l, 4.5 MgC l 2 , and 5 H EPES, pH 7.3. Reversal potentials were obtained from a polynomial fit (second order) of the currentvoltage relationship for each oocyte and used to calculate relative ionic permeability. Relative ionic permeability was calculated from the reversal potential (Er) with a simplified equation for bi-ionic conditions (Hille, 1992) : (Er/58) , where P X /P K is the relative permeability to the test ion X ϩ , Er is the reversal potential, [X] o is the concentration of the test ion in the extracellular saline, and [K] i is the calculated internal K ϩ concentration. The internal K ϩ concentration was estimated for each oocyte from the Nernst equation by the reversal potential in bath saline with 100 mM K ϩ (internal K ϩ ranged from 110 -133 mM). 1-(5-Isoquinolinesulfonyl)-2-methylpiperazine (H7), insulin, lavendustin A, and staurosporine were purchased from Sigma (St. L ouis, MO).
Molecular techniques. Drosophila big brain cDNA was generously provided by Dr. Lily Jan (Rao et al., 1990) . We subcloned the coding region of bib into the plasmid pX␤Gev, a Xenopus expression vector. For subcloning, the coding region of bib was amplified by PCR with highfidelity P yrococcus woesei polymerase (Roche Molecular Biochemicals, Indianapolis, I N) using sense and antisense primers that introduced BglII (Roche Molecular Biochemicals) restriction sites (underlined) into the 5Ј-and 3Ј-untranslated regions of the bib cDNA: sense, 5Ј-AAC AAA TCG AGA TC T GAG TCC GAC ATG-3Ј (bp 277-303); and antisense, 5Ј-ACC CCA GAT C TG CCG C TT TCA GTT GGG-3Ј (bp 2421-2395).
To visualize BI B channels by immunofluorescence microscopy and Western blotting, an epitope tag consisting of nine amino acids (YPY-DV PDYA) from the influenza hemagglutinin (HA) protein was inserted in the N terminus of BI B. Incorporation of the HA peptide sequence required two rounds of PCR. The sense primer for the first reaction contained the last seven codons of the HA epitope (underlined) followed by a region of overlap with the bib sequence: 5Ј-TAC GAC GTG CCG GAC TAC GC T GCC GAC GAA AGT C TG-3Ј (bp 304 -318). The antisense primer was the same as used for bib subcloning (above). The sense primer for the second PCR contained the rest of the HA sequence (underlined), the start codon (italics), and a BglII restriction site (bold): 5Ј-TCG AGA TCT GAG TCC GAC ATG TAC CCG TAC GAC GTG CCG GAC -3Ј with the same antisense primer as above. The entire coding sequences of all constructs were sequenced to verif y that no inadvertent mutations were introduced.
Site-directed mutagenesis was performed with a QuickChange sitedirected mutagenesis kit (Stratagene, La Jolla, CA). Glu 71 was mutated to Asn (E71N), using the following primer combinations (mutated base pairs underlined): sense, 5Ј-GGA GAT CCA TCA TCA GCA ACT GTC TGG CCT CC-3Ј (bp 494 -525); and antisense, 5Ј-GGA GGC CAG ACA GTT GCT GAT GAT GGA TCT CC-3Ј (bp 525-494). The BIB truncation mutation (⌬317) has a partial deletion of the C-terminal domain from amino acid 317 to the end. The ⌬317 mutant was synthesized by PCR. The sense primer sequence spanned the start codon (italics) and introduced a BglII site (underlined; mutated residues are in bold) to facilitate subcloning: 5Ј-AACAAATCGAGATCTGAGTCCGACATG-3Ј (bp 277-303). The antisense primer introduced a stop codon at position 317 (italics) and incorporated a BglII restriction site (underlined; mutated residues are in bold) for subsequent subcloning into the pX␤G expression vector: 5Ј-GGTGCAGATCTACTGCTGTCACTTGTTGGGCTTCTC-3Ј (bp 1266 -1231).
Plasmid DNA was linearized with SpeI in the polylinker region and used to transcribe RNA in vitro with T3 RNA polymerase. Enzymes were purchased from Roche Molecular Biochemicals. Swelling assay. Analysis of water permeability was performed as described by Rivers et al. (1997) . Oocytes were placed in 50% hypotonic saline (1:1 dilution of N D96 with deionized water), and swelling was monitored by video microscopy. Images were taken every 15 sec with a CCD camera (Cohu Inc., San Diego, CA) and analyzed with I PLab spectrum software (Scanalytics Inc., Fairfax, VA). The relative volume was calculated from the two-dimensional area of the oocyte as a f unction of time of exposure to hypotonic saline and was used to determine the net osmotic water permeability.
Cellular f ractionation. Two to 3 d after RNA injection, oocyte fractions enriched in plasma membranes were isolated by a method adapted from that of Geering et al. (1989) . Briefly, 15 oocytes per group were isolated in 1 ml of lysis buffer (1% Triton X-100, 10 mM Tris-HC l, 50 mM NaC l, 50 mM NaF, and 1% aprotinin) supplemented with leupeptin (10 g /ml), pepstatin A (10 g /ml), PMSF (10 mM), and sodium orthovanadate (2 mM) and lysed by trituration. Oocyte lysates were incubated on ice ϳ10 min followed by centrif ugation (400 ϫ g) for 10 min at 4°C to remove yolk granules. The supernatant was removed to a clean tube, and samples were centrif uged again (400 ϫ g) for 10 min at 4°C, yielding a yolkdepleted supernatant. A pellet enriched in plasma membrane fractions was obtained after centrif ugation of the supernatant (12,000 ϫ g, 20 min, 4°C). Pellets were resuspended in 50 l of lysis buffer and used for immunoprecipitation or were resuspended in 25 l of Laemmli buffer (10% glycerol, 50 mM Tris HC l, 2% SDS, 5% ␤-mercaptoethanol, and 0.02% bromophenol blue) and used for Western blotting. Leupeptin, pepstatin A, PMSF, and sodium orthovanadate were purchased from Sigma.
Immunoprecipitation and Western blotting. Equivalent amounts of protein (20 -30 g) were used for immunoprecipitation. Sample volumes were increased to ϳ1 ml with lysis buffer followed by addition of the primary antibody (0.5 g of rat anti-HA high-affinity clone 3F10, Roche Molecular Biochemicals; or 0.5 g of PY11120 antibody, Transduction Laboratories, Lexington, K Y) and incubated overnight at 4°C with rotation. Rabbit anti-rat IgG (0.5 g) was added to samples immunoprecipitated with rat HA antibody and incubated for 1 hr. Ten microliters of a 1:1 slurry of protein A-Sepharose (Sigma) were added to all samples and then rotated for 1 hr at 4°C. Proteins were precipitated by brief centrif ugation steps (12,000 ϫ g, 1 min) and washed twice with lysis buffer and once in buffer containing 0.1% Triton X-100. Laemmli buffer was added to each sample (10% glycerol, 50 mM Tris-HC l, 2% SDS, 5% ␤-mercaptoethanol, and 0.02% bromophenol blue). Proteins resolved by 8% SDS-PAGE were transferred to nitrocellulose (Bio-Rad, Hercules, CA) in transfer buffer (10% methanol and 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid; Sigma) for 1 hr at 1 A. Nonspecific binding sites were blocked with 1.5% (w/ v) evaporated milk in TBST (154 mM NaC l, 10 mM Tris base, and 0.02% T ween 20) and 0.01% thimerosal (for HA antibody) or with 3% (w/ v) bovine serum albumin in TBST and 0.01% thimerosal (for phosphotyrosine and phosphoserine antibodies). After blocking, blots were exposed to rat anti-HA antibody (clone 3F10, 50 ng /ml), mouse anti-phosphoserine antibody (clone PSR-45, Sigma; 1 g /ml) or mouse anti-phosphotyrosine antibody (PY11120, 1 g /ml) for 1 hr at room temperature or overnight at 4°C, followed by three 15 min washes in TBST at room temperature. To visualize proteins recognized by the primary antibodies, blots were incubated with goat anti-rat or anti-mouse HRP conjugates (0.3 g /ml; Zymed, San Francisco, CA) for 1 hr at room temperature, followed by three 15 min washes at room temperature. Bands were visualized by enhanced chemiluminescence (Pierce, Rockford, IL).
Immunofluorescence labeling of intact ooc ytes. Intact oocytes on day 2 or 3 after cRNA injection were fixed in 4% paraformaldehyde for 2-3 hr at 4°C, followed by brief rinses in 30 mM SSC (300 mM sodium chloride and 20 mM sodium citrate) and 100 mM glycine. Oocytes were permeabilized for 1 hr in 30 mM SSC containing 0.1% Triton X-100, followed by overnight incubation with a rat anti-HA antibody (0.5 g /ml; clone 3F10, Roche Molecular Biochemicals) diluted in antibody dilution buffer (30 mM SSC, 2% goat serum, 1% bovine serum albumin, 0.05% Triton X-100, and 0.02% sodium azide). Oocytes were washed in antibody wash buffer (30 mM SSC and 0.05% Triton X-100) for 1 hr, followed by incubation for 1 hr with FI TC -conjugated goat anti-rat antibody (1 g /ml) diluted in antibody dilution buffer. Oocytes were rinsed with antibody wash buffer for 1 hr and imaged with a 10ϫ objective (pinhole size 100) on a Leica (Nussloch, Germany) TC S-4D laser scanning confocal microscope.
All data summaries are reported as mean Ϯ SD. Statistical significance was tested with a two-tailed Student's t test; p Ͻ 0.05 was used to determine significance.
RESULTS
BIB has amino acid sequence identity with aquaporins of the MIP family (Rao et al., 1990; Adams et al., 1992; Reizer et al., 1993) . Therefore, we compared the water permeability of oocytes expressing HABIB with that of oocytes expressing AQP1, a well characterized water channel (Preston et al., 1992) . Figure 1 shows the results from a representative experiment that was replicated in four batches of oocytes. By 5 min of exposure to 50% hypotonic saline, the relative volume of oocytes expressing AQP1 increased by an average of 12.5%, yielding a calculated water permeability factor (P f ) value of 26 Ϯ 13 m/sec (n ϭ 5). In contrast, the relative volume of oocytes expressing HABIB did not increase and remained similar to control oocytes during 5 min in hypotonic saline or longer; P f values were Ϫ1 Ϯ 5 m/sec (n ϭ 4), and 2 Ϯ 1 m/sec (n ϭ 4), respectively. These data show that despite the sequence similarity between BIB and aquaporins, BIB is not a water channel under the conditions tested.
Several members of the MIP family have ion channel activity (Ehring et al., 1990; Weaver et al., 1994; Yool et al., 1996; Yasui et al., 1999; Anthony et al., 2000) . Two-electrode voltage clamp was used to test for ionic conductance properties of BIB channels. Figure 2 shows the activation of channels in BIB-expressing oocytes measured as an increase in whole-cell conductance. We initially tested BIB-expressing oocytes by placing them into recording saline, immediately inserting recording electrodes, and assessing the response (if any) to a series of voltage steps from ϩ60 to Ϫ90 mV from a holding potential of Ϫ40 mV. BIBexpressing and control oocytes consistently showed no appreciable conductance immediately after electrode insertion ( Fig. 2 A , a,d) . However, we noticed during sustained recordings that BIBexpressing oocytes showed an increase in current beginning ϳ5 min after the initial electrode insertion; this response was absent from control oocytes. The current-voltage relationship of the activated current was linear (ϩ60 to Ϫ90 mV; Fig. 2 A, e), in contrast to a lack of response in control oocytes (Fig. 2 A, b) . The net responses (Fig. 2 A, c,f ) were obtained by subtracting the set of initial traces from the final. Figure 2 B shows the time-dependent spontaneous activation of channels triggered by electrode penetrations of BIB-expressing oocytes. The current response was monitored with a protocol to measure the voltage dependence of activation, briefly, repeated steps to ϩ40 mV (800 msec duration) every 5 sec from a holding potential of Ϫ40 mV (Anthony et al., 2000) . In oocytes expressing BIB channels, the current began to activate ϳ5 min after electrode insertion and reached a plateau at ϳ20 -30 min after electrode insertion (Fig. 2 B) . In contrast, control oocytes did not display any comparable increase in current over equal durations or longer. The rate of activation ( Fig. 2C ) was calculated from a linear fit of current plotted as a function of time, for the interval between 5 and 13 min. Control oocytes had a significantly lower rate of change in membrane conductance (8 Ϯ 12 nA/min; p Ͻ 0.05) than did BIB-expressing oocytes (30 Ϯ 25 nA/min). Spontaneous activation in BIB-expressing oocytes was not affected by holding potential or voltage steps. Tests of different voltage steps (Ϫ40, 0, ϩ60, and ϩ80 mV) indicated no apparent effect of voltage on the rate or magnitude of channel activation (data not shown). Simply placing oocytes into recording saline for equivalent periods did not elicit a current response, indicating that spontaneous activation was initiated by the pricking effect of electrode insertion. Possible activation mechanisms are addressed further in Figure 3 .
Averaged current-voltage relationships measured for control and BIB-expressing oocytes are shown in Figure 2 D. The linear relationship shows a voltage-independent conductance, with a reversal potential consistent with a nonselective cationic conductance (Fig. 4) . The box plot (Fig. 2 E) summarizes the net conductance at 30 min after electrode insertion for control and BIB-expressing oocytes, calculated from linear fits of the net current-voltage relationship for each oocyte. Control oocytes had a mean net conductance of 1 Ϯ 4 nA/mV (n ϭ 10). Wild-type BIB-expressing oocytes had a mean net conductance of 17 Ϯ 11 nA/mV ( p Ͻ 0.0001; n ϭ 19) that was significantly greater than that of control oocytes.
To visualize BIB channels with immunofluorescence and Western blots, we inserted an HA epitope (for details, see Materials and Methods) into the amino terminus of BIB (HABIB) and tested the effect of epitope insertion on BIB channel properties. Representative current traces shown in Figure 2 A show that the effects of BIB and HABIB expression are indistinguishable in general properties. HABIB-expressing oocytes (Fig. 2C) were not significantly different from oocytes expressing wild-type BIB in the rate of activation (30 Ϯ 25 nA/min; n ϭ 22; and 42 Ϯ 42 nA/min; n ϭ 19, respectively) or in net conductance (Fig. 2 E) . These results showed that insertion of the HA epitope did not affect the activation of ionic conductance or current-voltage relationship of the response.
Because neither voltage nor exposure to recording saline induced spontaneous activities, we hypothesized that insertion of recording electrodes was activating a signaling pathway. A simple leak current was ruled out by the observation that control oocytes had no response (Fig. 2) . Oocytes are known to be induced to progress through the cell cycle artificially by pricking (Wolf, 1974; Kubota et al., 1987; Wangh, 1989) or normally by fertilization; both processes involve kinase-mediated pathways including tyrosine phosphorylation and dephosphorylation (Sato et al., 1998; Glahn et al., 1999; Sato et al., 1999) . MIP family channels are targets of kinase-mediated cell signaling (Ehring et al., 1991 ; Figure 1 . BIB expression does not confer osmotically induced swelling in Xenopus oocytes. A, Osmotic water permeability was analyzed with a swelling assay (see Materials and Methods). Oocytes expressing human aquaporin-1 (circles; n ϭ 5) or HABIB (squares; n ϭ 4) and control (ctrl ) oocytes (triangles; n ϭ 4) were exposed to hypotonic saline at time 0, and the relative volume change with time was measured from the videoimaged cross-sectional area. Data are mean Ϯ SD from a representative experiment; n ϭ 4 or 5 oocytes per group. Maurel et al., 1995; Fushimi et al., 1997; Han et al., 1998b; Han and Patil, 2000) . BIB contains consensus sites for phosphorylation (Burris et al., 1998 ) (see Fig. 6C ). Therefore, we tested whether BIB was a target of endogenous signaling pathways present in the oocyte by pretreating oocytes with pharmacological agents that modify serine/threonine and tyrosine kinase pathways. The results of these experiments are shown in Figure 3 . Figure 3A contains representative traces of HABIB-expressing and control oocytes after exposure to pharmacological agents that modify kinase-mediated signaling pathways in oocytes. Insulin is known to activate endogenous Xenopus insulin and insulin-like growth factor I (IGF-I) receptor-tyrosine kinases (Scavo et al., 1991) ; lavendustin A inhibits tyrosine kinases (O'Dell et al., 1991; Lawrence and Niu, 1998) ; H7 inhibits cAMP-and cGMPdependent protein kinases (Hidaka et al., 1984) ; and staurosporine inhibits protein kinase C (Kim et al., 2000; Volk et al., 2000) . The initial traces represent the current responses immediately after electrode insertion, and the net response shows the current activated after 30 min of recording. Net conductance values were calculated from linear fits of the net response current-voltage relationships.
Figure 3 box plots summarize the net whole-cell conductance responses compiled for the same treatment conditions illustrated in Figure 3A . Oocytes were pretreated with 1 M staurosporine for 1 hr (Kim et al., 2000; Volk et al., 2000) or in 10 M H7 for 1-4 hr or were maintained in parallel without staurosporine or H7. Pretreatment with staurosporine had no effect on the net conductance response of BIB-expressing oocytes (Fig. 3B) . A similar lack of effect was seen with incubation times up to 5 hr. Similarly, pretreatment with H7 had no effect on the net conductance response of BIB-expressing oocytes (Fig. 3B) . No significant differences were observed when compared with the net conductance of untreated HABIB-expressing oocytes.
In contrast to the lack of effect of staurosporine and H7, pretreatment with insulin had a significant inhibitory effect on activation of HABIB-expressing oocytes (Fig. 3C) . Insulin has been used to pharmacologically manipulate tyrosine kinase pathways in Xenopus oocytes and has been determined to modulate heterologously expressed proteins such as the inward rectifying potassium channel Kir2.1 (Wischmeyer et al., 1998) , the NMDA receptor (Liao et al., 1999) , the -opioid receptor (Appleyard et al., 2000) , and the GLUT4 glucose transporter (Mora et al., 1995) . The maximally effective dose of insulin in the oocyte expression system ranges from 0.8 to 10 M (Chuang et al., 1993; Andersen et al., 1998; Farah et al., 1998; Wischmeyer et al., 1998; Liao and Leonard., 1999; Appleyard et al., 2000) . The high doses of insulin needed may reflect the contribution of endogenous insulin receptors as well as IGF-I receptors (which have a lower affinity for insulin) to the response in Xenopus oocytes (Hainaut et al., 1991; Scavo et al., 1991) . The net whole-cell conductance after 20 M insulin pretreatment (3 Ϯ 5 nA/mV; n ϭ 14) remained at Ͻ15% 4 control (triangles; n ϭ 10), BIB-expressing (circles; n ϭ 19), and HABIBexpressing (squares; n ϭ 22) oocytes. E, Box plot summarizing the net conductance responses of control and BIB-and HABIB-expressing oocytes. The boxes enclose 50% of the data points; bars show the maximum and minimum data points, and the horizontal bar represents the median data value. Data for mean Ϯ SD and ( n) were as follows: control, 1 Ϯ 4 (10); BIB, 17 Ϯ 11 (19); and HABIB, 19 Ϯ 13 (22). The control group was significantly different (asterisk) from the BIB and HABIB groups (two-tailed Student's t test, p Ͻ 0.0001). BIB and HABIB rates were not significantly different from each other. -i) oocytes. Traces show the current evoked by stepping to a series of voltages from ϩ60 to Ϫ90 mV in 10 mV increments from the holding potential of Ϫ40 mV. The Initial current response was obtained before channel activation (a, d, g ). The Activated current response (b, e, h) was obtained after BIB and HABIB channels were activated by endogenous signaling pathways. The Net Response (c, f, i) was obtained by subtracting the set of initial traces from the final. Calibration: 2 A, 200 msec. B, Time-dependent current activation in control and BIB-and HABIB-expressing oocytes. Data points show the current at ϩ40 mV in response to repeated steps to ϩ40 mV (800 msec duration) every 5 sec from the holding potential of Ϫ40 mV. For clarity, the graph shows data at 5 min intervals. C, Rates of activation calculated for control (8 Ϯ 12 nA/min; n ϭ 10; mean Ϯ SD), BIB-expressing (30 Ϯ 24 nA/min; n ϭ 19), and HABIB-expressing (42 Ϯ 42 nA/min; n ϭ 22) oocytes. The rate of activation was calculated in the approximately linear range between 5 and 13 min from the slope of a linear fit of the current plotted as a function of time. The control group was significantly different (asterisk) from the BIB and HABIB groups, which were not significantly different from each other (Student's t test, p Ͻ 0.05) . D, Net current-voltage relationship of of that seen for untreated HABIB-expressing oocytes (24 Ϯ 10 nA/mV; n ϭ 17; p Ͻ 0.001). Insulin inhibition of whole-cell conductance in HABIB-expressing oocytes was dose-dependent (Fig. 3D) . The effect of insulin was not attributable indirectly to block of native oocyte currents. On the contrary, pretreatment with insulin activated a small conductance in HABIB-expressing oocytes that was also evident for control oocytes and thus attributed to endogenous oocyte channels. The small insulin-induced native current showed an outwardly rectifying current-voltage relationship, with a reversal potential of Ϫ19 Ϯ 4 mV (n ϭ 16); both features distinguished it from the HABIB-related conductance, which had an approximately linear current-voltage relationship and a reversal potential of Ϫ13 Ϯ 4 mV, significantly different from the insulin-induced native current (n ϭ 17; p Ͻ 0.001). Insulin at 20 M effectively suppressed the current in HABIB-expressing oocytes to the level of control oocytes.
Lavendustin A is a tyrosine kinase inhibitor that is effective in oocytes (Molokanova et al., 1997) . Pretreatment for 1 hr with 10 M lavendustin A significantly increased the net conductance of HABIB-expressing oocytes by ϳ85% (27 Ϯ 15 nA/mV; n ϭ 18) compared with untreated HABIB-expressing oocytes (15 Ϯ 13 nA/mV; n ϭ 21; p Ͻ 0.05), but had no appreciable effect on Figure 3 . Regulators of kinase pathways differentially modulate the ionic conductance produced by electrode insertion and endogenous signaling in HABIB-expressing oocytes. A, Representative current traces for initial and net current responses measured from HABIB-expressing oocytes evoked by stepping to voltages from ϩ60 to Ϫ90 mV in 10 mV increments from a holding potential of Ϫ40 mV. Calibration: 2.5 A, 200 msec. Initial current responses were recorded immediately after electrode insertion (a, c, e, g, i, k, m) , and the Net Response currents were determined at 30 min after channel activation (b, d, f, h, j, l ) . Initial and Net Response are shown for HABIB-expressing oocytes under standard conditions without pharmacological agents (a, b), after 1 hr of preincubation in 10 M lavendustin A (c, d), after 1 hr of preincubation with 20 M insulin (e, f ), after 1 hr of pretreatment with 1 M staurosporine ( g, h), and after 1 hr of preincubation with 10 M H7 (i, j). Initial and Net Response are shown for a control oocyte under standard conditions (k, l ) and after 1 hr of preincubation with 20 M insulin ( m). B, Box plots summarize the effects of preincubation of HABIB-expressing oocytes with 1 M staurosporine (ϩStauro) or 10 M H7 (ϩH7 ) on the net conductance of HABIB-expressing oocytes compared with untreated control oocytes (ctrl ). The boxes enclose 50% of the data points; vertical bars show the maximum and minimum; and the horizontal bar represents the median value. Data for mean Ϯ SD and ( n) are as follows: ctrl, 0 Ϯ 0 (3); HABIB, 31 Ϯ 19 (11); ϩStauro, 40 Ϯ 31 (12); and ϩH7, 41 Ϯ 19 (9). No significant differences were observed for treated and untreated HABIB-expressing oocytes. C, Box plots show the effect of preincubation of 20 M insulin (ϩ I ) for 1 hr. Data for mean Ϯ SD and ( n) are as follows: ctrl, 1 Ϯ 1 (13); ctrl ϩ I, 10 Ϯ 1 (8); HABIB, 24 Ϯ 10 (17); and HABIB ϩ I, 3 Ϯ 5 (14). Asterisks indicate a significant difference ( p Ͻ 0.001) for insulin-treated HABIB-expressing oocytes compared with untreated HABIB-expressing oocytes and for insulin-treated versus untreated control oocytes. D, Bar graph showing the dose-dependent effect of insulin pretreatment (2, 10, and 20 M) on the net conductance of HABIB-expressing oocytes. Bar height indicates mean; error bars indicate SD. Data for mean Ϯ SD and ( n) are as follows: HABIB, 24 Ϯ 10 (17); 2 M, 27 Ϯ 12 (5); 10 M, 10 Ϯ 4 (6); and 20 M, 3 Ϯ 5 (14). Asterisks indicate that HABIB-expressing oocytes treated with 10 or 20 M insulin had significantly smaller net conductances ( p Ͻ 0.02) compared with those of HABIB-expressing oocytes that were untreated, or exposed to only 2 M insulin (*p Ͻ 0.05; **p Ͻ 0.01). E, Box plot summary of the responses of control and HABIB-expressing oocytes to 1 hr pretreatment with 10 M lavendustin A (ϩLavA). Data for mean Ϯ SD and ( n) are as follows: ctrl, 0.2 Ϯ 0.7 (8); control ϩLavA, 0.3 Ϯ 0.5 (5); HABIB, 15 Ϯ 13 (21); and HABIB ϩLavA, 27 Ϯ 15 (18). The asterisk indicates significance ( p Ͻ 0.05) for lavendustin A-treated HABIB-expressing oocytes compared with untreated HABIB-expressing oocytes (Student's t test).
control oocytes (Fig. 2 D) . Thus the endogenous signaling pathway triggered by electrode insertion appears to involve tyrosine phosphorylation or dephosphorylation, consistent with studies of prick activation in oocytes (Sato et al., 1998; Glahn et al., 1999) .
The current in BIB-expressing oocytes showed nonselective monovalent cation permeability (Fig. 4) , analyzed by iso-osmotic substitution of NaCl in the bath recording saline. Figure 4 A shows current-voltage relationships for HABIB-expressing oocytes in various salines. Figure 4 B summarizes the reversal potentials measured for individual oocytes in each bath saline. Substitution of 100 mM NaCl with equimolar KCl resulted in a significant depolarizing shift of the reversal potential from Ϫ14 Ϯ 3 mV (NaCl; n ϭ 17) to Ϫ4 Ϯ 2 mV (KCl; n ϭ 9; p Ͻ 0.001). Substitution of NaCl with 100 mM tetraethylammonium chloride (TEACl; n ϭ 7) also significantly shifted the reversal potential to Ϫ32 Ϯ 2 mV (n ϭ 7; p Ͻ 0.001). Partial substitution of NaCl with 60 mM sodium gluconate had no significant effect on reversal potential (Ϫ11 Ϯ 5 mV; n ϭ 11), indicating no appreciable anionic permeability. Relative ionic permeability was calculated as described (see Materials and Methods) from the reversal potential and resulted in the following selectivity sequence: P K /P K (1.0) Ͼ P Na /P K (0.71) Ͼ Ͼ P TEA /P K (0.32). Figure 5 shows that the expression of a nonfunctional mutant HABIB channel protein does not induce increased membrane conductance in oocytes. The box plot data (Fig. 5A ) summarize the responses of control oocytes, oocytes expressing wild-type HABIB, and E71N HABIB mutant channels. The mutation of Glu at position 71 in BIB to Asn (E71N) was one of a series of glutamate substitutions used to investigate putative cation binding sites (G. M. Yanochko and A. J. Yool, unpublished data). Mutation of Glu 71 to Asn abolished the ionic conductance associated with BIB channels (6 Ϯ 5 nA/mV; n ϭ 17) compared with wild-type HABIB (47 Ϯ 31 nA/mV; n ϭ 13; p Ͻ 0.001) but did not prevent trafficking to the plasma membrane. Figure 5B shows the net current-voltage relationships measured in oocytes expressing wild-type HABIB (n ϭ 13) and E71N HABIB (n ϭ 17) and in control oocytes (n ϭ 7). The current-voltage relationship of oocytes expressing E71N HABIB channels was not different from that of control oocytes. Figure 5C shows representative responses for current activation as a function of time in oocytes expressing wild-type HABIB and E71N HABIB and in control oocytes. Only oocytes expressing HABIB showed development of current by spontaneous activation. Control oocytes and E71N HABIB-expressing oocytes showed no channel activation. The absence of a conductance response in E71N HABIB-expressing oocytes shows that the BIB-associated current is not an indirect consequence of heterologous protein expression in oocytes.
Immunofluorescent microscopy and Western blotting were used to determine the localization of E71N HABIB channels (Fig. 5D, a-d ). Oocytes were labeled with a rat anti-HA antibody and an FITC-conjugated goat anti-rat secondary antibody. Images are shown in reverse field so that positive labeling is visualized as black staining. HA immunoreactivity was observed around the complete circumference of the oocyte in all z sections analyzed for oocytes expressing HABIB and E71N HABIB. Control oocytes showed no labeling. Oocyte fractions enriched in plasma membranes were resolved by SDS-PAGE, and wild-type and E71N HABIB channels were visualized with antibodies to the HA epitope. Immunoreactive bands at ϳ80 kDa, the expected size of HABIB channels, are seen in preparations from oocytes expressing wild-type and E71N mutant HABIB but not from control oocytes. Although we cannot rule out the possibility that E71N HABIB channels are located just below the plasma membrane, the similarities in patterns of circumferential immunoreactivity for wild-type and E71N HABIB and their similar localization in oocyte fractions enriched in plasma membranes strongly suggest that the nonfunctional E71N HABIB channels are successfully translated, transported, and expressed on the plasma membrane of the oocyte. Figure 6 demonstrates that BIB is a substrate for tyrosine kinase phosphorylation. Proteins from control and HABIBexpressing oocytes were immunoprecipitated with rat-anti-HA antibody. After resolution by SDS-PAGE, proteins were transferred to nitrocellulose and probed with the rat-anti-HA antibody (Fig. 6 A, top panel; to visualize BIB channels), anti-phosphotyrosine antibody (Fig. 6 A, middle panel ) , or anti-phosphoserine antibody (Fig. 6 A, bottom panel ) . As seen in Figure 6 A, top panel, BIB channels are identified at the expected size of 80 kDa, whereas no proteins were visualized with HA antibody for proteins isolated from control oocytes. Reprobing the blot with anti-phosphotyrosine antibody revealed a band at ϳ80 kDa (Fig.  6 A, middle panel, arrow) in protein preparations from BIBexpressing oocytes that was absent from control oocytes. A second band visualized with the phosphotyrosine antibody from BIB-expressing oocytes was also seen in control oocytes and is Figure 4 . The BIB-associated ion conductance shows nonselective permeability to monovalent cations. A, Ionic selectivity was determined from the reversal potential of the current-voltage relationship of HABIBexpressing oocytes tested with iso-osmotic substitutions of 100 mM NaCl in bath saline with 100 mM KCl (squares; n ϭ 9), 100 mM TEACl (circles; n ϭ 7), or 60 mM Na-gluconate (Nagluc) plus 40 mM NaCl (triangles; n ϭ 9). Currents ( I ) were standardized to the outward current (I o ) at ϩ60 mV. B, Calculated reversal potentials in BIB-expressing oocytes for currents recorded in bath salines containing NaCl, Na-gluconate (Nagluc), TEACl, and KCl, showing a selectivity sequence of K ϩ Ͼ Na ϩ Ͼ TEA ϩ .
likely to be attributable to nonspecific interactions. No bands were visualized at ϳ80 kDa for BIB-expressing or control oocytes after probing with the anti-phosphoserine antibody (Fig. 6 A, bottom  panel ) .
To confirm the tyrosine phosphorylation of BIB channels, we repeated these experiments by immunoprecipitating proteins from control (Fig. 6 A, lanes 1, 3) or HABIB-expressing oocytes (Fig. 6 A, lanes 2, 4 ) with either the anti-HA antibody or the phosphotyrosine antibody. A representative blot is shown in Figure 6 B. After resolution by SDS-PAGE and transfer to nitrocellulose, proteins were visualized with the HA antibody. A band corresponding to ϳ80 kDa (the predicted size of BIB channels; arrow) is seen only from HABIB-expressing oocytes after immunoprecipitation with the HA and the phosphotyrosine antibody. No bands resolved at this size for protein from control oocytes. These results demonstrate that BIB channels are phosphorylated specifically at tyrosine residues. Figure 6C summarizes the candidate sites for tyrosine phosphorylation in the C-terminal sequence.
To test the role of the C-terminal domain as a possible site for BIB phosphorylation and modulation, a deletion mutation was constructed with truncation of the C-terminal tail at position 317. Whereas the wild-type HABIB channel is ϳ80 kDa, the expected size of ⌬317 was ϳ36 kDa. In Figure 7A , bands representing wild-type and ⌬317 HABIB were visualized at the appropriate sizes in protein preparations isolated from plasma membrane fractions of oocytes (see Materials and Methods). Immunoprecipitations were performed with either the rat anti-HA antibody or with mouse anti-phosphotyrosine antibody; both blots were probed with anti-HA antibody. Both wild-type and ⌬317 HABIB were detected in samples immunoprecipitated by the anti-HA antibody, but only wild-type HABIB was detected in samples immunoprecipitated with anti-phosphotyrosine antibody. These results indicated that the HABIB channels truncated at amino acid 317 are not appreciably phosphorylated on tyrosine residues.
The ⌬317 truncation did not unmask a water permeability function of the BIB channel. An osmotic swelling assay in hypotonic saline showed that the relative volume of oocytes expressing ⌬317 did not increase and remained similar to that of control oocytes for up to 10 min of exposure to hypotonic saline. The calculated osmotic water permeability (P f ) value for ⌬317 was 2 Ϯ 6 m/sec (n ϭ 4) and was not significantly different from that of control oocytes (2 Ϯ 1 m/sec; n ϭ 4). As a positive control, comparable assays of AQP1-expressing oocytes yielded significant osmotic water permeability, with a P f value of 26 Ϯ 13 m/sec (n ϭ 5).
As shown in Figure 3E , the net conductance response of oocytes expressing wild-type HABIB was enhanced significantly 4 current amplitude at ϩ40 mV evoked byrepeated steps (800 msec duration) every 5 sec from a holding potential of Ϫ40 mV. For clarity, data points are shown at 1 min intervals. Inset, Corresponding current traces evoked by repeated steps to ϩ40 mV are shown at ϳ4 min intervals for HABIB-expressing ( a), control ( b), and E71N-expressing ( c) oocytes. D, Confocal images of a control oocyte ( a) and oocytes expressing HABIB ( b) or E71N ( c), all labeled with a rat anti-HA antibody (Roche Molecular Biochemicals) and visualized by a fluorescein isothiocyanateconjugated secondary antibody by confocal microscopy. Images are shown in reverse field for clarity. d, Western blot of plasma membrane fractions from control oocytes (lane 1) and oocytes expressing wild-type HABIB (lane 2) or E71N HABIB channels (lane 3). Bands at ϳ80 kDa, the expected size of HABIB channels, were visualized with the HA antibody (clone 3F10). The mutation does not appear to prevent membraneassociated expression of HABIB E71N channels in oocytes. A, The net conductance responses of control oocytes or oocytes expressing HABIB wild-type or E71N HABIB mutant channels are summarized as box plots. Net conductance values were obtained from the linear fits of the net current-voltage relationships. Data for mean Ϯ SD and ( n) are as follows: control (ctrl ), 4 Ϯ 4 (7); E71N, 6 Ϯ 5 (17); and HABIB, 47 Ϯ 31 (13). Double asterisks indicate that the conductance of E71N-expressing oocytes was significantly reduced compared with that of HABIBexpressing oocytes (p Ͻ 0.01) but not different from that of control oocytes. B, Mean net current-voltage relationships for wild-type HABIB-expressing (squares; n ϭ 13), E71N HABIB-expressing (circles; n ϭ 17), and control (triangles; n ϭ 7) oocytes. Data are mean Ϯ SD. C, Activation of ionic current as a function of recording time in an oocyte expressing wild-type HABIB-expressing (squares; n ϭ 13) but not in E71N HABIB-expressing (circles; n ϭ 17) and control (triangles; n ϭ 7) oocytes. Data represent the by pretreatment with the tyrosine kinase inhibitor lavendustin A. The effect of C-terminal tail truncation on the modulatory effect of tyrosine kinase signaling pathways was tested with lavendustin A treatment (Fig. 7B) . One hour of incubation with 10 M lavendustin A did not enhance the conductance of oocytes expressing ⌬317 (7 Ϯ 3 nA/mV; n ϭ 8) and was not significantly different from untreated ⌬317-expressing oocytes (6 Ϯ 2 nA/mV; n ϭ 8). This result suggests that truncation of the C-terminal tail at amino acid 317 removes a component of regulation by endogenous tyrosine kinase signaling pathways and supports the hypothesis that one or more sites within amino acids 317-700 are targets of tyrosine phosphorylation that contribute in part to BIB channel modulation.
Oocytes expressing ⌬317 showed a lower maximal current amplitude (6 Ϯ 5 nA/mV; n ϭ 23) compared with wild type (22 Ϯ 14 nA/mV; n ϭ 30), but the response with ⌬317 was significantly greater than that of control oocytes (2 Ϯ 2 nA/mV; n ϭ 21; p Ͻ 0.05). These results suggest that there may be multiple domains within the truncated region of the BIB C terminus that have both positive and negative effects on channel function or assembly. The reversal potential of the net conductance response in HABIB ⌬317 (Ϫ18 Ϯ 8 mV; n ϭ 22) was not significantly different from that of wild-type HABIB (Ϫ19 Ϯ 8 mV; n ϭ 24). The ability of ⌬317 channels to show an ionic conductance response, albeit at a reduced maximal amplitude, indicates that the essential mechanism of channel activation is retained either in the proximal region of the C-terminal tail or in another structural domain of the BIB channel not directly affected by the truncation mutation.
DISCUSSION
The results presented in this article demonstrate that Xenopus oocytes expressing Drosophila BIB acquire a nonselective cation channel function. Channel activation measured by voltage clamp is regulated by a mechanism involving endogenous signaling pathways triggered by electrode insertion and dependent on tyrosine phosphorylation but not serine/threonine phosphorylation. BIB is shown by Western blot analysis to be a target for tyrosine phosphorylation but not serine phosphorylation. Pharmacological stimulation of tyrosine kinase pathways within the oocyte using insulin effectively abolished the conductance of BIB-expressing oocytes. Conversely, treatment with lavendustin A, a tyrosine kinase inhibitor, increased the net conductance of BIBexpressing oocytes. Partial truncation of the BIB C terminus impaired tyrosine phosphorylation and the effects of lavendustin A. Taken together, these data support the conclusion that the ionic conductance is mediated directly by the BIB protein.
The effect of insulin in Xenopus oocytes and neuronal cells can be mediated through cascades involving phospholipase C, phosphatidylinositol-3 kinase, and protein kinase C (Garcia de Herreros et al., 1991; Gould et al., 1994; Liu et al., 1995; Mora et al., 1995; Liao and Leonard, 1999; Puglianiello et al., 2000) ; however, the step that mediates the direct phosphorylation at the BIB channel itself is not identified in this work. The current activation and conductance responses were absent from control oocytes or, in the case of insulin, opposite to that seen for the BIB-associated ionic conductance.
The method used here for activation of ion channel function in BIB-expressing oocytes by electrode insertion appears unusual but may be related to a well known phenomenon of parthenogenic oocyte activation that mimics fertilization. Sperm entry and as well as artificial stimulation by pricking, electric shock, and chemicals 1, 3) or HABIBexpressing oocytes (lanes 2, 4 ) were immunoprecipitated with either the HA antibody or PY11120 antibody. The blot was probed with HA antibody to show the presence of the BIB channels. C, In the C-terminal tail of BIB (amino acids 269 -700), potential sites of tyrosine phosphorylation by src are indicated by an asterisk, and those for Abl are indicated by an apostrophe. Sequences that influence sites for tyrosine phosphorylation are underlined; residues that correspond to optimal kinase substrates are bold (Songyang et al.; . Potential SH3 binding domains (P-X-X-P) are gray (Koch et al., 1991; Rickles et al., 1994; Cohen et al., 1995) .
trigger intracellular kinase signaling pathways in oocytes that mediate cell cycle progression in a process termed "oocyte activation" (Wolf, 1974; Ferrell, 1999) . Although the oocytes used for heterologous expression are not as mature, it is reasonable to hypothesize that the kinase-sensitive activation of BIBexpressing oocytes by electrode penetration may occur by an analogous mechanism. Artificially stimulated oocytes show both activation and inactivation of different kinases, including the src-related p57 Xenopus tyrosine kinase, c-Jun N-terminal kinase, Eg2, cdc2K, and mitogen-activated protein kinase (Sato et al., 1996; Ferrell, 1999; Frank-Vaillant et al., 2000; Bagowski et al., 2001) . The relevant signaling pathway for studies described here remains to be defined, but pharmacological assays indicate the likely candidates include tyrosine kinases.
Four lines of evidence demonstrate that the current we observed in BIB-expressing oocytes is mediated by BIB channels and not by unidentified oocyte channels: (1) there is a lack of a conductance response from control oocytes; (2) mutation of Glu at position 71 to Asn (E71N) resulted in nonfunctional channels that appear to be expressed on the plasma membrane but do not recruit any ionic conductance response; (3) mechanisms of activation differ for the ionic conductance responses mediated by various channels in the MIP family, including AQP1 (activated by cGMP), AQP6 (activated by acidic pH), and BIB (regulated by tyrosine phosphorylation) when expressed in oocytes (Yasui et al., 1999; Anthony et al., 2000 ; and data presented here); and (4) partial truncation of the C-terminal tail domain interferes with tyrosine phosphorylation and pharmacological modulation of the current in BIB-expressing oocytes. In addition, preliminary results from cell-attached patch-clamp experiments of BIB-expressing oocytes have revealed a large, novel single-channel conductance (300 Ϯ 30 pS, mean Ϯ SD; Yanochko and Yool, unpublished observations) not seen in control oocytes. Large single-channel conductances have been observed in other MIP family ion channels: 145 pS for AQP1 (Anthony et al., 2000) and 380 pS for AQP0 (Ehring et al., 1990) .
We have shown that the BIB protein is a target of tyrosine phosphorylation in oocytes and that the conductance associated with BIB expression is enhanced by lavendustin A, a tyrosine kinase inhibitor, and decreased by insulin, which acts on endogenously expressed insulin receptor and IGF-I tyrosine kinase receptors (Hainaut et al., 1991; Scavo et al., 1991) . These data support a model in which signals promoting dephosphorylation enhance BIB ion channel activation. Alternatively, BIB channels may associate with other proteins that are modulated by tyrosine phosphorylation and dephosphorylation. Several different mechanisms may regulate BIB ion channel activity, because the Cterminal tail contains many additional sites of potential regulatory interactions, including consensus sequences for phosphorylation by serine/threonine kinases (Burris et al., 1998) , polyglutamine stretches (Rao et al., 1990) , and three internal PSD-95, Drosophila Discs large, zona-occludens-1 (PDZ) binding domains. Although insulin and IGF-I receptors signal through many pathways, including tyrosine phosphatases in oocytes (Savchenko et al., 2001) , serine/threonine kinase pathways do not appear to be involved in the regulation of BIB in oocytes on the basis of the lack of effects of H7 and staurosporine.
The lack of tyrosine phosphorylation of ⌬317 HABIB and the lack of effect of lavendustin A on these channels suggests that the C-terminal tail between amino acids 317 and 700 contributes to tyrosine kinase modulation of HABIB in Xenopus oocytes. There are multiple regulatory domains in the C-terminal tail, including putative Src homology 3 (SH3) and PDZ binding domains and polyglutamines that may affect protein-protein interactions and mechanisms of regulation in addition to tyrosine phosphorylation. The C-terminal tail of BIB contains two elements important for regulation by tyrosine kinases: tyrosine residues and SH3 binding domains (Fig. 6C) . Twenty-two tyrosine residues are located on intracellular portions of the BIB channel: 1 in the N terminus and 21 in the C terminus (Rao et al., 1990) . Ongoing experiments are aimed at identifying the specific tyrosine residues involved in modulation of BIB channel activity; however, on the basis of optimal sequences for phosphorylation (Fig. 6C ) (Songyang et al., 1995) , 5 of the 21 tyrosines in the C-terminal tail of BIB are likely candidates for phosphorylation by tyrosine kinases such as src or Abl. In the BIB sequence shown in Figure  5C , the three tyrosines that may be targets for src (Tyr 273 , Tyr 384 , and Tyr 478 ) are labeled with an asterisk below the sequence, those Figure 7 . Truncation of the C-terminal tail removes detectable tyrosine phosphorylation of BIB and prevents potentiation of the net conductance response by a tyrosine kinase inhibitor. A, Western blot of proteins immunoprecipitated (IP) from oocyte plasma membrane fractions with a rat anti-HA antibody (clone 3F10, Roche Molecular Biochemicals; left) or a mouse anti-phosphotyrosine (anti-pY ) antibody (PY11120, Transduction Laboratories; right). Both blots were probed with the rat anti-HA antibody (IB) and goat anti-rat IgG HRP-conjugated secondary antibody. HA-tagged BIB constructs (HABIB and ⌬317) were visualized by enhanced chemiluminescence (Pierce). Shown are proteins from control, ⌬317, and wild-type HABIB-expressing oocytes (arrows). Wild-type HABIB is phosphorylated on tyrosine residues, but ⌬317 is not measurably phosphorylated. B, Summary of data showing the lack of effect of pretreatment with 10 M lavendustin A (LavA) on oocytes expressing ⌬317 HABIB. Bar height indicates mean conductance, and error bars indicate SD. In contrast to the significant effect on wild-type channels (Fig. 3E ), no differences were observed between lavendustin A-treated and untreated oocytes expressing ⌬317 HABIB. Data for mean Ϯ SD and ( n) are as follows: control (ctrl ), 1 Ϯ 0.5 (4); ctrlϩLavA, 1 Ϯ 0 (2); ⌬317, 6 Ϯ 2 (8); and ⌬317ϩLavA, 7 Ϯ 3 (8).
for Abl (Tyr 367 and Tyr 609 ) are indicated by an apostrophe, and the six amino acids flanking the site of potential tyrosine phosphorylation are underlined, with those conforming to the optimal sequence suggested by Songyang et al. (1995) highlighted in bold. All but Tyr 273 are surrounded by three amino acids that match the sequence for optimal substrates for src and Abl, as determined by Songyang et al. (1995) .
In addition to putative sites of tyrosine phosphorylation, the C-terminal tail contains four potential SH3 binding domains, proline-rich sequences that mediate protein interactions, notably between tyrosine kinases and their substrates (Fig. 5C ). For example, for both hKv1.5 and connexin 43, intact SH3 binding domains are critical for regulatory interaction of the channels with src (Holmes et al., 1996; Kanemitsu et al., 1997) . SH3 binding domains present in the BIB C-terminal tail domain may mediate the interactions between tyrosine kinases and BIB channels.
The properties of BIB channels and the nature of their regulation during Drosophila neurogenesis clearly need to be investigated. Our finding that BIB expression results in a regulated cationic channel function in Xenopus oocytes suggests that BIB activation in vivo would result in membrane depolarization. Results obtained by Goodman and Spitzer (1979) from grasshopper embryos support this idea; the resting membrane potentials of differentiated neuroblasts were Ϫ60 to Ϫ80 mV, whereas those of surrounding non-neural cells were slightly depolarized, ranging from Ϫ40 to Ϫ60 mV.
Both tyrosine kinases and phosphatases are involved in neuronal development in Drosophila (Fernandez et al., 1995; Skeath, 1998; Miller et al., 2000) . Although we did not test for an interaction between insulin or IGF-I receptors and BIB in Drosophila, it is interesting that Drosophila embryos carrying mutations in the insulin receptor lacked populations of both neurons and glia, suggesting a role of the Drosophila insulin receptor in neurogenesis (Fernandez et al., 1995) . In this sense, the Xenopus oocyte may have provided a better model system for evaluating BIB regulation than was expected. Further experiments are needed to determine the importance of the putative ion channel function of BIB in Drosophila neuronal development and the Notch signaling pathway, the role of membrane depolarization mediated by BIB in cell fate determination, and the relationship between the insulin receptor tyrosine kinase and BIB channel regulation in vivo.
Our data support the hypothesis that BIB forms a nonselective cation channel when expressed in Xenopus oocytes. Our novel finding that the BIB-mediated conductance is regulated by a mechanism involving tyrosine kinase pathways appears to fit logically with the role of BIB in neurogenesis, a process that is governed by growth factors and other environmental cues (Pimentel et al., 1996; Kimble and Simpson, 1997; Skeath, 1998; Udolph et al., 1998; Chen et al., 1999) . The nature of the native regulation of BIB in Drosophila and the relationship between ion channel activity and the Notch signaling pathway remain to be determined. Further studies into the functional domains of the BIB protein should provide more clues to the unique involvement of bib in neurogenesis and further evidence of the diversity of function in the MIP family of channels.
